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Methods and systems for controlling data 
flow between a sender and a receiver include 
communicating credit lists to the sender The 
I P™ rt 1,sts include credits indicative of receive 
buffer sizes accessible by the receiver and ca- 
pable of receiving data. The sender transmits 
data packets to the receiver. The data packets 
are preferably no greater in size than the cred- 
! its specified in the credit list When the sender 
uses all of the credits, the sender preferably re- 
rrams from sending data packets to the receiver 
until the supply of credits is replenished by the 
i rec 5 l r cr - B ~ause data flow between the sender 

r? C J3 S ^^ er " re g u,ated "sing credits, the 
likelihood of data overflow errors is reduced and 
communication efficiency is increased. 
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METHOD AND SYSTEM FOR CREDIT-BASED DATA FLOW CONTROL 

This application claims the benefit of U.S. Provisional Patent Application No. 
60/095,297 filed August 4, 1998, the disclosure of which is incorporated herein by 
reference in its entirety. 

TECHNICAL FTET.Tt 
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The present invention relates to methods and systems for controlling data flow 
between sending and receiving processes executing on one or more computers. More 
particularly, the present invention relates to methods and systems for controlling data 
flow between a sender and a receiver, each including one or more computer processes, by 
15 communicating credits from the receiver to the sender indicating receive buffer sizes with 
reduced copying of data between sending and receiving applications. 

BACKGROUND OF TTTF. TNVF.NTTnTV 

In computer communication systems, it is desirable to control the flow of data 
20 from a sending process to a receiving process. For example, if a sending process sends 
data to a receiving process faster than the receiving process can receive and process the 
data, data may be lost or overwritten. Similarly, if a sending process sends data and the 
receiving process fails to provide a buffer to receive the data, the connection between the 
sending and receiving processes may be broken. 
25 In conventional flow control techniques, such as TCP flow control techniques, 
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Another problem with conventional TCP flow control methods is that the TCP 
buffer size information communicated by a TCP receiver may not reflect the actual 
available TCP buffer size. For example, conventional TCP protocol software may 
advertise to the sender an upper limit on the number of bytes that a TCP buffer is capable 
5 of receiving. This upper limit may not reflect the actual memory space reserved for the 
TCP buffer when data arrives from the sender. Thus, conventional flow control methods 
may not communicate accurate buffer size information to the sender. 

Yet another problem with TCP flow control methods is that the copying of data 
between the TCP buffers and the sending and receiving application buffers introduces 
latency into data transfers. As a result of this latency, these methods may not be feasible 
in high-speed environments, such as system area networks (SANs). For example, in 
TCP, data may be copied from a sender's application-level buffer to the sender's TCP 
buffer and from a receiver's TCP buffer to the receiver's application-level buffer. This 
copying may have a significant impact on I/O performance in high-speed environments. 

In order to increase I/O performance over conventional communications 
protocols, some communication protocols, such as the Virtual Interface Architecture 
(VIA), do not buffer data for an application or perform fragmentation and reassembly of 
data. Data is sent from a sending I/O device, over a network, and received directly into 
an application-level receive buffer of a receiver. If a sender utilizing the VIA architecture 
attempts to send data when a receive buffer is not available, connection between the 
sender and receiver is broken. The breaking of a connection is a catastrophic, 
unrecoverable error, that requires reestablishment of the connection and resending of the 
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data from a send buffer associated with a sender to a receive buffer associated with a 
receiver. In a preferred implementation of the invention, the only copy of the data made 
between the send buffer and the receive buffer may be the signal transmitted over the 
communication between the sender and the receiver. Copying of data increases time 
5 required to process an I/O request Thus, reducing the number of copies between the send 
buffer and the receive buffer increases transmission efficiency. 

In order to control the flow of data without copying the data, the receiver may 
communicate application-level receive buffer sizes to the sender. The receiver preferably 
communicates the buffer size information to the sender in an efficient manner. For 

1 0 example, the more buffer size information communicated to the sender in each flow 
control communication, the more efficient the communication process. In one 
implementation, the receiver may communicate a list containing at least one application- 
level receive buffer size to the sender, so that the sender can determine how much data 
the receiver is capable of receiving. In preferred implementations of the invention, the 

1 5 receiver may send a list containing a plurality of application-level receive buffer sizes to 
the sender. One method for communicating the list of buffer sizes to the sender is by 
sending a message, e.g., a packet, from the receiver to the sender over a data channel 
established between the sender and the receiver. The message may contain the list of 
receive buffer sizes, and is hereinafter referred to as a credit message. The receive buffer 

2 0 sizes in the credit message are hereinafter referred to as credits. 

The sender may u tilize the credits in the credit message to determine the size and 
order of data packets to be sent to the receiver. For example, the sender preferably does 
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sender may use the credits in the manner previously described to determine how to 
partition and send data to the receiver. 

In implementations of the invention where credit messages are used to deliver 
credits to the sender, the credit messages may be delivered using a new protocol or by 

5 extending an existing protocol. For example, in a new protocol, the sender and the 

receiver may exchange credit messages over a control channel established exclusively for 
the exchange of credit messages. In order to extend an existing protocol, credits may be 
communicated to the sender using optional data fields in the existing protocol. For 
example, in TCP, credits may be communicated to the sender using the OPTIONS field 

0 in any TCP packet, such as a TCP acknowledgment packet The TCP sender may then 
send data to the receiver having lengths corresponding to the credits. 

According to another aspect, the present invention may include methods and 
systems for determining when to communicate credits to a sender. The receiver 
preferably communicates credits to the sender in a timely manner. For example, if the 

5 sender has data to be sent and the receiver fails to timely notify the sender of the available 
receive buffer space, sending may be delayed. In order to avoid delays in sending, the 
receiver may monitor credits sent to the sender, the rate at which the sender uses the 
credits, and/or when the sender uses particular credits in a credit list previously 
communicated to the sender. Based on the monitored information, the receiver may 

D determine when to communicate new credits to the sender to avoid the condition where 
the sender has data to send but has no credits. For example, the receiver may 
communicate new credits to the sender after receiving data from the sender into a first 
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sender and receiver, whichever is smaller. Thus, based on these rules, the present 
invention reliably implements flow control of credits. 

According to another aspect, the present invention includes a method for 
controlling data flow between a sender and a receiver. The method includes 
5 communicating a first credit list to a sender. The first credit list may include a plurality 
of credits indicative of buffer sizes of receive buffers accessible by the receiver and 
capable of receiving data from the sender. In response to receiving the first credit list, the 
sender transmits a data packet to the receiver. The data packet is no greater in size than a 
fust buffer size specified by a first credit in the first credit list 

1 o According to another aspect, the present invention includes a credit list 

builder/communicator including computer-executable instructions embodied in a 
computer-readable medium for performing steps. The steps may include receiving 
requests for receiving data into a plurality of receive buffers accessible by a receiver and 
capable of receiving data from a sender. In response to the requests, the credit list 

1 5 builder/communicator may build a credit list including a plurality of credits indicative of 
sizes of a plurality of receive buffers. After building a credit list, the credit list 
builder/communicator may communicate the credit list to the sender. 

According to another aspect, the present invention may include a data structure 
for controlling data flow between a sender and a receiver. The data structure may include 

20 a credit list including a plurality of credits. Each credit in the credit list is indicative of a 
buffer size of a receive buffer accessible by a receiver and capable of receiving data from 
a sender. 
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determine when to co mmuni cate a second credit list to the receiver based on the 
frequency. For example, the credit list builder/communicator may determine a triggering 
buffer corresponding to a credit in the first credit list based on the frequency. The credit 
list builder/communicator may instruct an input/output device to send the second credit 
5 message to the sender when the triggering buffer receives data. In an alternative 
arrangement, rather than determining a triggering buffer, the credit list 
builder/communicator may determine a time in time units, such as milliseconds, for 
determining when to send a new credit message to the sender, based on the frequency. 
According to another aspect of the invention, the receiver may utilize credits to 
1 0 implement quality of service features. For example, the receiver may be a server that 
provides services to a plurality of client senders. Since the server may concurrently 
receive data from multiple clients, it may be desirable for the server to impose a 
maximum allowable bandwidth restriction on each clients, to prevent the server from 
being overrun with data. One way that the sender may control the bandwidth is by 
15 regulating the number of unused credits available to each client so that no client has 

enough credits to exceed the maximum allowable bandwidth. By using available credits 
to regulate maximum bandwidth for each client, the server maintains a given quality of 
service for all clients. 

According to another aspect, the present invention may include a credit list 
2 0 builder/communicator including computer-executable instructions embodied in a 

computer-readable medium for performing steps. The steps may include operating in a 
first mode for determining when to communicate new credits to a sender. The credit list 
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implemented by the memory device may perform steps. The steps may include posting a 
first buffer accessible by a sender for receiving credits from a receiver. The next step 
may include determining whether credits have been received in the first buffer. In 
response to receiving credits in the first buffer, the next step may include posting a 
5 second buffer accessible by the sender for receiving additional credits from the receiver. 

After posting the second buffer, the next step may include storing credits from the first 

buffer in a credit list 

According to another aspect, the present invention may include a network 
communications system. The network communication system may include a first local 
1 0 virtual interface, a second local virtual interface, and a credit list builder/communicator. 
The first local virtual interface may send data to and receive data from a first remote 
virtual interface over a first network connection. The second local virtual interface may 
send credit messages to and receive credit messages from a second remote virtual 
interface over a second network connection. The credit list builder/communicator may 
1 5 build credit messages for controlling data flow over the first network connection and 
communicate the credit messages to the second remote virtual interface through the 
second local virtual interface and the second network connection. The credit messages 
may include credit lists including a plurality of credits indicative of buffer sizes of receive 
buffers for receiving data through the first local virtual interface from the first remote 
2 0 virtual interface. Alternatively, each virtual interface may be used to communicate data in 
one direction while communicating credit messages in the reverse direction. 
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;nven tioii will be made apparent from 
Additional features and advantages of the invention 

• * «f illustrative embodiments which proceeds with 
the following detailed description of inustrative 

reference to the accompanying figures. 

2 Il^set^h the features of the present invention with 

Wlule the appended claims set torxn 

. . rtWects W advantages may be oesx 

pamcm j* conjunction with the 

^e.s.ood Son, *c folios dCaUed descnp^ «k» « 

— ^a^anexemp^con^sysrem 
Figwe 1 is a block diagram generally nlostranng 

Figur = 2 is a block diagram illustrating a sender and rece.v 

to an embodiment of the present invents 
^con.olUngd^nowacco.dmgman m ^ 

Figure 3 is a mom detailed Mock dragram of .he sende 

f eontoUtag darauo W acoo I dmgtod 1 eembodimentofF,g U r«2 ; 
15 the system for controltag da flhe Mte and the receW« according* 

Figme 3(a) is a detailed block diagram of dt. sender an 
m «e embodiment of the invendon; 

„ 4 is , flow char, illustrating steps tot may be performed by 

builder/commumcator of a receiver io 

,, B to - emb odiment of the present invention; 
20 asenderaccordingtoanemb « eos that may be performed by a 
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credits to a sender according to another embodiment of the present invention; 

Figure 6 is a flow chart illustrating exemplary steps that may be performed by a 
credit list builder/communicator of a receiver for determining whether to switch from a 
first mode to a second mode for determining when to communicate new credits to a 
5 sender according to an embodiment of the present invention; 

Figures 7(a) and 7(b) are flow charts illustratinc exemnlarv st*r« tw ™, v„ 

4 v J-— — ■ «** "m^ 

performed by a credit list reader/processor of a sender for reading and processing credits 
according to an embodiment of the present invention; 

Figure 8 is a flow diagram illustrating an example of the transfer of credits to and 
D the use of credits by a sender according to an embodiment of the present invention. 

SPECIFIC DESCRIPTION OF THE TNVFNTTnv 

Turning to the drawings, wherein like reference numerals refer to like elements, 
the invention is illustrated as being implemented in a suitable computing environment 
Although not required, the invention will be described in the general context of computer- 
executable instructions, such as program modules, being executed by a personal 
computer. Generally, program modules include routines, programs, objects, components, 
data structures, etc. that perform particular tasks or implement particular abstract data 
types. Moreover, those skilled in the art will appreciate that the invention may be 
practiced with other computer system configurations, including hand-held devices, multi- 
processor systems, microprocessor based or programmable consumer electronics, 
network PCs, minicomputers, mainframe computers, and the like. The invention may 
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instructions, data structures, program modules and other data for the personal computer 
20. Although the exemplary environment described herein employs a hard disk, a 
removable magnetic disk 29, and a removable optical disk 31, it will be appreciated by 
those skilled in the art that other types of computer readable media which can store data 
5 that is accessible by a computer, such as magnetic cassettes, flash memory cards, digital 
video disks, Bernoulli cartridges, random access memories, read only memories, and the 
like may also be used in the exemplary operating environment 

A number of program modules may be stored on the hard disk, magnetic disk 29, 
optical disk 31, ROM 24 or RAM 25, including an operating system 35, one or more 
1 0 applications programs 36, other program modules 37, and program data 38. The 

operating system 35 may include a virtual memory manager and one or more I/O device 
drivers that communicate with each other to maintain coherence between virtual memory 
address mapping information stored by the operating system 35 and virtual memory 
mapping information stored by one or more I/O devices, such as network interface 
1 5 adapters 54 and 54a. A user may enter commands and information into the personal 
computer 20 through input devices such as a keyboard 40 and a pointing device 42. 
Other input devices (not shown) may include a microphone, touch panel, joystick, game 
pad, satellite dish, scanner, or the like. These and other input devices are often connected 
to the processing unit 21 through a serial port interface 46 that is coupled to the system 
20 bus, but may be connected by other interfaces, such as a parallel port, game port or a 
universal serial bus (USB). A monitor 47 or other type of display device is also 
connected to the system bus 23 via an interface, such as a video adapter 48. In addition to 
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56a may contain computer-executable instructions for processing requests including 
translating virtual memory addresses to physical memory addresses, obtaining virtual 
address mapping information from the operating system 35, and recovering from local 
address translation failures. The memory units 56 and 56a may also contain page tables 
5 used to perform local virtual to physical address translations. 

When used in a WAN networking environment, the personal computer 20 
typically includes a modem 58 or other means for estabHshing communications over the 
WAN 52. The modem 58, which may be internal or external, is connected to the system 
bus 23 via the serial port interface 46. In a networked environment, program modules 
10 depicted relative to the personal computer 20, or portions thereof, may be stored in the 
remote memory storage device. It will be appreciated that the network connections 
shown are exemplary and other means of establishing a communications link between the 
computers may be used. 

When used in any of the networking environments illustrated in Figure 1, data 
15 flow is preferably regulated between processes executing on the personal computer 20 
and processes executing on the remote computer 49 that communicate with each other. 
For example, the personal computer 20 may include a sender for sending data through 
one of the network interface adapters 54 and 54a to a receiver executing on the remote 
computer 49. Accordingly, in order to regulate data flow between the sender and the 
2 0 receiver, the sender may include a credit list reader/processor for receiving and 
processing credits from the receiver. The receiver may include a credit list 
buflder/communicator for building credit lists and communicating the credit lists to the 
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perform an RDMA write operation, the credit list builder/communicator may construct a 
packet containing a list of credits and the destination memory address of the sender where 
the credits will be stored. The sender may receive the packet directly into the specified 
memory address. In order to use the credits, the credit list reader/processor may read the 
5 memory location that receives the RDMA packet The credit list reader/processor may 
use the credits to send data to the receiver in the manner previously described. Thus, 
RDMA write operations provide yet another mechanism for communicating credits to the 
sender. 

In the description that follows, the invention will be described with reference to 
10 acts and symbolic representations of operations that are performed by one or more 

computers, unless indicated otherwise. As such, it will be understood that such acts and 
operations, which are at times referred to as being computer-executed, include the 
manipulation by the processing unit of the computer and/orthe processing units of I/O 
devices of electrical signals representing data in a structured form. This manipulation 
1 5 transforms the data or maintains it at locations in the memory system of the computer 
and/or the memory systems of I/O devices, which reconfigures or otherwise alters the 
operation of the computer and/or the I/O devices in a manner well understood by those 
skilled in the art. The data structures where data is maintained are physical locations of 
the memory that have particular properties defined by the format of the data. However, 
2 0 while the invention is being described in the foregoing context, it is not meant to be 

limiting as those of skill in the art will appreciate that the acts and operations described 
hereinafter may also be implemented in hardware. 
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The sender 60 may also include an I/O device interface 72 for controlling 
communication between the sending application 66 and the I/O device 70. For example, 
the I/O device interface 72 may include communications functions, such as sockets, MPI, 
and cluster functions that may be called by the sending application when requesting 
5 sending of data. The I/O device interface 72 may convert the requests into data structures 
recognizable by the LO device 70. In order to reduce the copying of data between the 
sending application 66 and the I/O device 70, the I/O device interface 72 may also 
include memory registration functions for registering memory used by applications with 
the I/O device 70. However, because the I/O device 70 is preferably capable of 
10 recovering from local virtual address translation failures, memory registration may not be 
required. 

The receiver 62 may include the receiving application 74 for requesting receipt of 
data from an I/O device 76 into one or more receive buffers 78. For example, the 
receiving application 74 may comprise a web browser that receives data sent over a 
15 network from other applications, such as the sending application 66. The I/O device 76 ' 
of the receiver may comprise any device capable of sending and receiving data over a 
communication link in response to requests from the receiving application 74. The 
receiver .62 preferably also includes an I/O device interface 80 for controlling 
communication between the receiving application 74 and the I/O device 76. The I/O 
20 device 76 and the I/O device interface 80 may be similar in structure to the I/O device 70 
and the I/O device interface 72 of the sender and need not be further described. 

According to an important aspect of the invention, the receiver 62 communicates 
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using a shared memory region or an RDMA write operation, the credit message 
reader/processor may read data from the shared memory region or the buffer for receiving 
RDMA writes. 

According to an important aspect of the invention, the credit list reader/processor 
5 75 preferably uses the credits to determine the size of data packets to be sent to the 
receiver. In addition, the credit list reader/processor preferably uses the credits in the 
order that the credits were received, so that the receiver will receive data in the correct 
buffers. For example, the credit message 82 may indicate that the receiving application 
74 has a first buffer of four bytes for receiving data and a second buffer of two bytes for 
1 0 receiving data. The sending application 66 may have a send buffer of six bytes to be sent 
to the receiving application. Under these conditions, the credit list reader/processor 75 
may request that the I/O device 70 send a first data packet of four bytes and a second data 
packet of two bytes to the receiver 62, e.g., by cornmunicating the virtual addresses of the 
data to be sent along with the appropriate sizes to the I/O device 70. The credit list 
1 5 reader/processor 75 preferably maintains a list of credits received from the receiver 62 
and removes credits from the list as the sender uses the credits. Thus, because the 
receiver 62 preferably communicates credits indicative of application buffer sizes to the 
sender, and the sender 60 constructs data packets having sizes based on the credits, data 
flow between the sender and the receiver may be efficiently regulated. Moreover, 
! 0 software copying, segmentation, and reassembly of data may not be required according to 
preferred implementations of the invention because the data packets sent to the receiver 
are preferably no greater in size than the corresponding receive buffers. 
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The credit message builder/communicator and the credit message reader/processor 
may be implemented in hardware, software, or a combination of hardware and software. 
For example, in the embodiment illustrated in Figure 2, the credit message 
builder/communicator and the credit message reader processor may be components of the 
5 communications provider software included in the I/O device interfaces 72 and 80. In an 
alternative embodiment, the credit message builder/communicator and the credit mes^o 

1 0 — • 

reader/processor may be implemented in hardware of the I/O devices 70 and 76. 
Implementing the credit message builder/commumcator and the credit message 
receiver/processor in the hardware of the I/O devices allows flow control to be performed 
1 0 transparently to the communications provider software. 

Although the embodiment illustrated in Figure 2 shows a sender 60 and a receiver 
62 respectively having a credit list reader/processor 75 and a credit list 
builder/communicator 83, the present invention is not intended to be limited to such an 
embodiment. For example, the sender 60 and the receiver 62 may each be capable of 
15 sending and receiving data. Thus, the I/O device interface 72 of the sender 60 may 

include a credit list builder/communicator 83 in addition to the credit list reader/processor 
75. Similarly, the I/O device interface 80 of the receiver 62 may include a credit list 
reader/processor 75 in addition to the credit list builder/communicator 83. 

Figure 3 is a more detailed block diagram of the sender 60 and the receiver 62 
2 0 illustrated in Figure 2. The sender 60 and the receiver 62 illustrated in Figure 3 

preferably implement the Virtual Interface Architecture (VIA). According to the VIA 
architecture, the efficiency of I/O operations may be increased by granting I/O devices 
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91. The operating system communication interfaces 88 and 90 and the VI user agents 89 
and 91 of both the sender and the receiver may convert requests from the sending and 
receiving applications into data structures, such as descriptors, for processing by the I/O 
devices 70 and 76. Accordingly, the operating system communication interfaces 88 and 
5 90 may include standard communications functions for performing network I/O, such as 
sockets, MPI, cluster, or other communications functions. The VI user agents 89 and 91 
may communicate memory registration requests through communication links 92 and 93 
to VI kernel agents 94 and 95. The VI kernel agents 94 and 95 may be components of the 
operating systems of the sender and the receiver that function as device drivers for the I/O 
1 0 devices 70 and 76. The VI kernel agents 94 and 95 may receive the memory registration 
requests from the VI user agents 89 and 91 and register memory used by the sending and 
receiving applications 66 and 74 with the I/O devices 70 and 76. In addition, the VI 
kernel agents 94 and 95 may establish and break connection with remote machines. The 
VI kernel agents 94 and 95 may also manage one or more virtual interfaces, such as 
1 5 virtual interface 96 of the sender 60 and virtual interface 97 of the receiver 62. 

The virtual interfaces 96 and 97 may comprise communication interfaces between 
the sending and receiving applications 66 and 74 and the I/O devices 70 and 76. The 
virtual interface 96 of the sender 60 may include a send queue 98 and a receive queue 99. 
Similarly, the virtual interface 97 of the receiver 62 may include a send queue 1 00 and a 
2 0 receive queue 1 01 . In order to request an I/O operation, the sending and receiving 

applications 66 and 74 may execute standard I/O commands, such as Winsock sendO and 
Winsock recvQ. In response to these commands, the VI user agents 89 and 9 1 may post 
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In order to receive data from the sender, the receiving application 74 preferably 
sends receive data requests to the VI user agent 91. which posts descriptors 106 and 107 
in the receive queue 101 specifying one or more receive buffers 98 to store data from the 
sender. However, if no descriptors are posted in the receive queue 101 when the data 
5 arrives, connection between the sender and receiver may be broken. Similarly, because 
the receiver may not perform segmentation or reassembly of data, if data in a given data 
packet from the sender exceeds the size of the receive buffer in the descriptor 107 at the 
head of the receive queue 101, connection may also be broken. Accordingly, it is 
desirable to coordinate posting of descriptors in the send queue 98 of the sender with the 
1 0 posting of descriptors in the receive queue 1 01 of the receiver, i.e., it is desirable to 
control flow between the sender and the receiver. 

In order to control flow between the sender 60 and the receiver 62, the credit list 
builder/commimicator 83 builds credit messages based on sizes of the receive buffers 
contained in receive data requests initiated by the receiving application 74. For example, 
1 5 when the receiving application posts a descriptor in the receive queue, the credit list 

builder/communicator 83 may record the size of the buffer specified by the descriptor in a 
credit message. The credit list builder/communicator 83 may repeat this process for each 
descriptor posted in the receive queue. When the number of credits in the receive queue 
reaches a predetermined value or when the credit list builder/communicator 83 
2 0 determines that the sender needs credits, the credit list buUder/communicator 83 
preferably requests that the I/O device 76 send a credit message 82 to the sender. 
Methods for determining when the sender needs credits will be discussed in more detail 
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sending credits to and receiving credits from each of the remote senders. That is, the 
number of credit message connections may be equal to the number or remote client 
senders. Any number of credit message connections and data connections is within the 
scope of the invention. 

5 Once a credit message is transmitted to the sender, the credit list reader/processor 

75 of the sender receives the credit message 82. Receiving a credit message may require 
the previous posting of a descriptor containing the virtual address and size of a credit 
message buffer in the receive queue 99 of the sender. Alternatively, as discussed above, 
credits may be received over a separate connection from the connection for receiving 
1 0 data. The credit list reader/processor 75 may use the credits in the credit message to 
control the posting of descriptors in the send queue 98. For example, the sender may 
have a send buffer containing sue bytes of data to be sent to the receiver. The credit 
message 82 from the receiver may contain a first credit of four bytes and a second credit 
of two bytes, indicating that the descriptors 106 and 107 specify two-byte and four-byte 
1 5 receive buffers, respectively. Accordingly, the credit list reader/processor 75 may post a 
first descriptor 103 in the send queue 98 containing a pointer pointing to the first byte of 
the send buffer with a size of four bytes and a second descriptor 1 02 in the send queue 98 
containing a pointer pointing to the fifth byte of the send buffer 68 with a size of two 
bytes. The I/O device 70 may process the descriptor 103 and transmit a first data packet 
2 0 having four bytes of data to the receiver. The I/O device 70 may process the second 
descriptor 102 and transmit a second data packet of two bytes of data to the receiver. 
When the receiver receives the data packets, the receiver processes the descriptor 1 07, 
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^der/communicator S3a is a hardware component of the I/O 

ts in Fiflure 3(a) are the same as those illustrated in Figure 3, 
The remaining components in Figure Jia, are 

^theirdescriprior^aremereforenotrepeaud. 

in order * regulate the flow of da* from the sender, die credit 

„ nffte receiver may generate, list of credits based on 
builder/communicator 83a of the receiver may Ainmaaar y 

-in! The Ust of credits may be stored in memory 
descriptor posted in the receive queue 101. The hst 
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of the I/O device 76 or in memory of the host computer in which the I/O device is 
inserted. The credit list builder/communicator 83a may send the credit list to the sender 
by instructing the I/O device 76 to send the list directly from the memory location in 
which the credit list is stored. The credit list builder/communicator 83a may also 
5 determine when to communicate new credits to the sender as will be discussed in more 
detail below. 

The credit list reader/processor 75a may receive the credit list and process the 
credits in order to send data to the receiver. However, unlike the credit list 
reader/processor 75 illustrated in Figure 3, rather than posting descriptors in the send 
1 0 queue, the credit list reader/processor 75a may control the sending of data specified by 
descriptors previously posted in the send queue 98 of the sender so that the size of data 
packets actually sent to the receiver corresponds to the credits. For example, a descriptor 
specifying the sending of eleven bytes of data may be located at the head of the send 
queue 98. The credit list reader/processor 75a may have two credits of five bytes and six 
1 5 bytes. Accordingly, the credit list reader/processor 75a may break the data buffer 

specified by the descriptor into a first data packet of five bytes and a second data packet 
of six bytes. Thus, when the credit list reader/processor and the credit list 
builder/communicator are implemented in hardware, flow control can be achieved 
transparently to the VI user agents 88 and 90. 
2 0 As stated above, the credit list builder/commumcator 83 preferably determines 

when to communicate new credits to the sender. Deterrnining when to provide the sender 
with new credits may be accomplished in any number of ways. Figure 4 illustrates 
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15 list builder/communicator may instruct the yOdevi 
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whether data has been received from the sender for the first buffer specified in the first 
batch of credits communicated to the sender. If data has not been received in the first 
buffer, the credit list builder/communicator 83 preferably continues checking whether 
data has been received in the first buffer, i.e., without communicating a new list of credits 
5 to the sender. If the credit list builder/communicator 83 determines that data has been 
received in the first buffer specified in the first credit list, the credit list 
builder/communicator 83 determines whether new credits are available, (steps ST7 and 
ST8) If new credits are available, the credit list builder/communicator 83 preferably 
communicates a new credit list to the sender, (step ST9) For example, the credit list 
1 0 builder/communicator may instruct the I/O device 76 to send a new credit list to the 
sender containing newly accumulated credits. The newly accumulated credits may be 
based on receive buffers contained in data receive requests initiated by the receiving 
application after the previous credit message was sent If there are no newly accumulated 
credits, the credit list builder/communicator 83 may continue to check until new credits 
15 are available. After the new credit list is communicated to the sender, the credit list 
builder/communicator 83 determines whether data has been received in the first buffer 
specified in the new credit list (steps ST10 and ST1 1) If data has not been received in 
the first buffer in the new credit list, the credit list builder/communicator 83 preferably 
continues checking, i.e., without communicating another new credit list to the sender. If 
2 0 the credit list builder/communicator 83 determines that data has been received in the first 
buffer in the new credit list, the credit list builder/communicator 83 preferably checks 
whether new credits are available and instructs the I/O device 76 to send another new 
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being used by the sender will trigger the sending of a new credit message, based on the 
frequency. For example, if the sender is rapidly using buffers in the current credit • 
message, a new credit message may be sent when a buffer near the beginning of the 
current credit message is used. On the other hand, if the sender is slowly consuming the 
5 buffers in the current credit message, the credit list builder/communicator 83 may wait 
until a buffer near the end of the current credit message is used to send the new credit 
message. In steps ST9 and ST10, the credit list builder/communicator 83 determines if 
the triggering buffer in the current credit message has received data from the sender. If 
the triggering buffer has not received data, the credit list builder/communicator 83 
1 0 preferably continues checking. If the triggering buffer has received data, the credit list 
builder/communicator 83 may determine if any new credits have been accumulated, 
(steps ST1 1 and ST12) If new credits have not been accumulated, the credit list 
buiider/communicator may continue checking. If new credits have been accumulated, the 
credit list builder/communicator 83 may instruct the I/O device 76 to send a new credit 
15 list to the sender. In steps ST14 and ST15, the credit list buader/communicator 83 

determines whether data has been received in the first buffer in the new credit list If data 
has not been received in the first buffer, the credit list builder/communicator 83 
preferably continues checking. If data has been received, the credit list 
builder/communicator 83 returns to step ST7 to determine the frequency at which the 
2 0 sender is utilizing buffers and determine which buffer in the new credit message will 
trigger the sending of another new credit list In an alternative arrangement, step ST7 
may be executed continuously so that the triggering buffer can be updated continuously. 

- 39 - 



WO 0O41365A1 I > 



WO 00/41365 



PCT/US99/30860 



, ^dits m adc available to the sender is 
_ t . , num beT of credit messages and credits maac 
ta this manner, the number ^ ^er alternative 

trolled based on the rate atwhich the sender is using credits, man 
controlled base me ssaae are used may be input to 

«l the times at which buffers in a first credit message are 

ZZZ-~ ~— — - 

^■nostHkelyncedanewlistofacdas. ^mdetesmine 
Tbe present invention i, no, limited to a buffer « 

unicate a new credit list to fce sender. For sample. - an aUemanve 
w hen»comrnun,ca.eanewcrea. mtob v steps for determining a 

,• t ^sSTSandSriOinFigmeSmaybereplacebysteps 
embodiment, steps ST9 ana In such an 

_ e g tonu msecor^for=onnnnnicanngane W =red rt tis««. 

, w™S3maymomtmthefi*quencyatwmcb 
,. . a. credit list bnader/commumcator 83 may mo 
0 embodiment, the credit list communi cate new 

^sender corses credits and, based on the 

the sender consua. ^ M^od for adaptively 

a: a nredetetmined time penod elapses. Any mem 
^anerapred w ^ BtofteseB3eri swiminti,escop e ofme 
deterniining when to commmucate new creoi 

edtothesender. For camp., the receiver may comptise a server drat 
conm umoa«edti»thesen ^ reiver may prevent any one of me 

. ... , „l„raHtv of ctient senders. The receiver may y 
provides services to a pWnauty ^ — 

eUen^fmmexceedmgapredeternnnedmaxnnnmanowabl 

cuenu, xx . ...ceed the maximum 

u i;,nt when doing so would allow the cheat to exceed m 

20 credits to the client when g 

. a -a* Bv preventing clients from exceeding a maximum au 
aUoW ablebandwidth.Bvpre of ser vice to all clients, 

bandwidth using credits, the server can guarantee certain 



- 40 - 



WO 00/41365 ^^on^^, 

PCT/US99/30860 



For example, since none of the clients can exceed the maximum allowable bandwidth, 
the processing load on the server is determined by the number of clients and the 
maximum allowable bandwidth. If the maximum allowable bandwidth is set somewhat 
lower than the bandwidth that the server is capable of servicing for a given connection, 
5 the server can service a greater number of clients with less hardware* In contrast, without ' 
a maximum bandwidth limitation, in order to guarantee service to a given number of 
clients, the server must contain sufficient resources to handle bursts of communications 
from the clients in excess of the average bandwidth. Thus, the credit-based methods and 
systems for regulating flow between a sender and the receiver can be used to facilitate 
1 0 server resource planning. 

According to another aspect of the invention, the sender may transmit in-band 
information to the receiver along with the data packets. The in-band information may 
include the cumulative amount of data remaining to be sent by the sender. The credit list 
builder/communicator 83 may utilize this information to switch between one or more of 
15 the approaches previously described for determining when to communicate new credits to 
the sender. Figure 6 illustrates an exemplary approach for switching between modes for 
determining when to communicate new credits to the sender. In step ST1, the credit list 
builder/communicator 83 operates in a first mode for determining when to communicate 
new credits to the sender. The first mode may comprise the steps illustrated in Figure 4 
2 0 for sending new credit lists when a first buffer in a previous credit list triggers the sending 
of a new credit list. In step ST2, the credit list builder/communicator 83 analyzes the in- 
band data transmitted from the sender. The in-band data may include any information for 
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number of mode switches when the data rate is highly variable. 

Figure 7(a) and 7(b) illustrate steps that may be perfonned by the credit list 
reader/processor 75 according to an embodiment of the present invention. Figure 7(a) 
illustrates exemplary steps that may be performed by the credit list reader/processor 75 
for receiving credits from the receiver and posting buffers to receive new credits. Figure 
7(b) illustrates exemplary steps that may be performed by the credit list reader/processor 
75 for processing credits to send data to the receiver. The steps illustrated in Figure 7(a) 
may be executed concurrently with the steps illustrated in Figure 7(b). In Figure 7(a), the 
credit list reader/processor 75 posts a first buffer for receiving credits and notifies the I/O 
device 70 of the posting, (step ST1) For example, the credit list reader/processor may 
write the virtual address of a descriptor pointing to the buffer for receiving credit 
messages to the receive queue of the virtual interface of the sender for sending and 
receiving credit messages and ring the associated doorbell. Alternatively, where credits 
are communicated to the sender using shared memory or RDMA write operations, the 
sender may ensure that buffer space in memory exists for receiving credits. The buffer is 
preferably posted before a connection is established between the receiver and the sender. 
In steps ST2 and ST3, the credit list reader/processor checks for credits transmitted from 
the receiver. Checking whether credits have been received may include reading the 
memory location or locations reserved for receiving credits. If credits have not been 
received, the credit list reader/processor may continue checking or waiting to be notified 
of the reception of credits. If credits have been received, the credit list reader/processor 
75 may post a second buffer for receiving new credits from the receiver (ST4). Once the 
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second buffer has been posted. ft. credi, reader/processor ^ 
4. firs, buffer in a credit list and returns to step ST2 to chedc for credits in .he buffer 

posted in step ST4. (step ST5) 

to Figure 7(b), the credit lis, reader/processor 75 receives a reouest forsending 

5 ^^^^^^^^^"^ 
..Winsoca-sendOftncuonincludingabuffer virtual address and abuffersfce.Jn steps 

ST ^ and ST3a, the credit Ust ^processor 75 determines if <ne credit Us, contains 

75 preferably continues cheddng, ic v*hout requesting sending of the da^ If fte 
10 credi, lis, contains credit fte cedl, message receive/processor 75 rosy request the 

.ending of data corresponding to fte si~ indica^d by to firs, cretin. <*p ST4a) The 

(step sT5a) The credit lis, render/processor 75 .ay ft* update a da* pointer pointing to 
^^.besent^^v^^da.senrains^se.tls^STtiaand^ 

^b.sen.U.ecredi.ns.read^/pn^may^^STUU.^.hen^ 

request for sending dam from the sending application. 

By only sending da* when credits ate available, the ctedi, Us, reader/processor 
20 .auces.elUteUhoodofdaUtiansntissionove^ conditions, in addition, because fte 

received credit the credit Us, reader/processor 75 aUo«s fte etedi, Us, 
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builder/communicator 83 of the receiver to maintain that the sender has a buffer available 
for receiving credits if the receiver receives data corresponding to the first credit in a new 
credit list Thus, embodiments of the present invention may also reduce the likelihood of 
data transmission overflow conditions in transmitting credit messages from the receiver 
to the sender. 

The credit list reader/processor according to the present invention is not limited to 
the embodiments illustrated in Figures 7(a) and 7(b). For example, as stated above, the 
credit list reader/processor 75 may control the transmission of in-band data from the 
sender to the receiver. The in-band data may be transmitted along with data packets from 
the sender to the receiver. The in-band data may include any data to assist the receiver in 
deter mining when to transmit credit messages to the sender. For example, the in-band 
information may include the amount of data remaining to be sent by the sender. 

Figure 8 is a flow diagram illustrating an example of the transfer of data and 
credit messages between the sender 60 and the receiver 62. Each row in the flow 
diagram indicates status information and action taken by the sender 60 and the receiver 
62. The first column CI in the diagram represents the receiver 62, including the credit 
list builder/communicator 83, the second column C2 represents the communication link 
64, and the third column C3 represents the sender 60 including the credit list 
reader/processor 75. In row Rl, column C3, the sender 60 has a send buffer 68(a) of 
seventy-two bytes to send to the receiver 62. The send buffer 68(a) may have been 
communicated to the credit list reader/processor 75 by the sending application of the 
sender. PB is a pointer to the first byte of the send buffer 68(a). The sender initially has 
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10 For example, described 
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.teee bytes of me send buffer 68(a) to <he receiver. In row B3. cn 
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reader/processor 75 removes the used credit of three from the credit list, posts a descriptor 
in the send queue to send the next seven bytes of the send buffer 68(a) and updates the 
buffer pointer PB. The shaded bytes in the send buffer 68(a) indicate data that has been 
sent to the receiver. Thus, in row R3, column C3, the first three bytes of the send buffer 
5 68(a) have been sent In row R3, column CI, the credit list builder/communicator 83 has 
received a request for receiving data in a new buffer 78(c) of size twenty-two* Since this 
buffer 78(c) has not been communicated to the sender, the credit list 
builder/communicator preferably updates the pointer Next to point to this buffer. 

In row R4, column C2, the sender sends a data packet 84(b) containing the next 
1 0 seven bytes of the send buffer 68(a). In row R4, column C3, the sender credit list 

reader/processor 75 preferably removes the used credit of seven from the credit list In 
this state, the sender has no credits and preferably does not send any more data until 
receiving more credits from the receiver. In row R4, column CI, the receiver receives the 
data packet 84(a) into the receive buffer 78(a). The credit list builder/commimicator 83 
1 5 has received a request for receiving data into a new buffer 78(d) of size forty-four. 

In row R5, column C3, the sender is idle because it has no credits. In row R5, 
column C2, the receiver sends a credit message 82(b) containing credits of twenty-two 
and forty-four to the sender. In row R5, column CI, the pointer Rtrip is updated to point 
to the receive buffer 78(c) corresponding to the first credit in the new credit message 
2 0 82(b). The credit list builder/communicator 83 sets the pointer Next to zero because there 
are no credits that have not been transmitted to the sender. The buffer 78(a) has been 
removed from the buffers available for receiving data because the descriptor for that 
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buff e, b- been processed. The reeeive buffer 78(b) receives the data packet 84(b). 
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* • ;„ A*, send oueue to send the next forty bytes of 
10 list reader/processorTS posts a descriptor m the send queu 

«• — X3TX Tn row R7. column CI, the credit 
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buffer 78(d). The receive buffer 78(d) is removed from the set of receive buffers 
available to receive data since its descriptor has been processed* The pointer Rtrip is set 
to NULL to indicate the availability of a credit message buffer at the sender. Because the 
receiver sends a list of credits to the sender, the sender sends data to the receiver based on 
5 the size and order of the credits, and the receiver receives data into buffers according to 
the size and order of the credits, reliable flow control between the sender and the receiver 
can be achieved with reduced copying of data. 

In view of the many possible embodiments to which the principles of this 
invention may be applied, it should be recognized that the embodiments described herein 

1 0 with respect to the drawing figures are meant to be illustrative only and should not be 
taken as limiting the scope of invention. For example, those of skill in the art will 
recognize that the elements of the illustrated embodiments shown in software may be 
implemented in hardware and vice versa or that the illustrated embodiments can be 
modified in arrangement and detail without departing from the spirit of the invention* 

1 5 Therefore, the invention as described herein contemplates all such embodiments as may 
come within the scope of the following claims and equivalents thereof 
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CLAIMS 
I claim: 

,. A method for controlling data flow between a sender and a receiver 
comprising: 

oo^unicating a firs, oedi, list to a sender, the firs, ctedi, lis. compnsmg. 
pHnalirv of credits indicative of buffer sizes of receive buffers accessible bv a receiver 

and capable of receiving date Horn the sender, and 

to response «. receiving 4e first cm*, list, transmit** a oam pack* floor 

specified by a first credit in the fust credit list 

2. The nrerhod of claim 1 comprising receiving the data packet into a receive 
buff er corresponding ro .he first credit and having the firs, buflersize. 



15 



3 Thememodofcbrmrlwberetotransmi^^ 
*« tbe da* between me applicatiou-leve. receive buffer and the inputfoutput device. 



copying' 



20 



4 . TT Km ^odofclai m 2comprismgafterreceivingdredatapack^ 
communicating a second credit lis. to me sender. 

5 . The method of claim 3 wherein transfetring data fiom me application-level 
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receive buffer to the input/output device includes posting a descriptor in a send queue 
associated with the input/output device and ringing a doorbell associated with the send 
queue. 



5 6. The method of claim 1 wherein communicating the first credit list to the 

sender includes transmitting a first credit message including the first credit list from the 
sender to the receiver. 



7. The method of claim 1 wherein communicating the first credit list to the 
1 0 sender includes writing the first credit list into a memory buffer shared by the sender and 
the receiver. 



8. The method of claim 1 wherein the sender executes on a first computer 
and the receiver executes on a second computer and communicating the first credit list to 

15 the sender includes performing a remote direct memory access write operation from the 
second computer to memory of the first computer to write the first credit list to the 
memory of the first computer. 

9. The method of claim 1 comprising establishing at least one first 

2 0 connection for transmitting data packets between the sender and the receiver and 

establishing a second connection between the sender and the receiver for transmitting 
credit messages between the sender and the receiver. 
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. „ , „»«K«ehmff at least one first connection 
10 The method of claim 9 wherein establishing at leasx o 

between the sender and the receiver. 

, , The method of claim .0 comprising multiplexing credits messages on me 
^ connection, the credit m«sa g . including credits indicating receive buffer si.es 
for each of the plurality of first connections. 

12 A credit list bunder/communicator comprising computer-executable 

embodied in a compute,^ medium fo, perfomting steps comprising: 
^vingmc^s for receiving data into aplurality of receive buffers access** 
by a receiver and capable of receiving date from a sender, 

to espouse to the tenner*, bunding a credit lis, including a plurality of cretins 
15 indicative of sizes of the plurality of receive buffers; and 
communicating the credit list to the sender. 

13 The credit tistbuUder/communicator of claim 12 comprising computer- 
execute instructions for detennining when to communicate credits to the sender. 



10 
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14 The credit list bm.der/conununicator of data 13 wherein the computer- 
ize instructions for deters when to communicate credits to .he sender 
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include instructions for monitoring a frequency of credit usage by the sender. 

15. The credit list builder/communicator of claim 13 wherein the computer- 
executable instructions for determining when to communicate credits to the sender 

5 include instructions for setting a maximum allowable bandwidth for receiving data from 

additional credits would allow the sender to exceed the maximum allowable bandwidth. 

16. The credit list builder/communicator of claim 12 wherein the computer- 

1 0 executable instructions for communicating the credit list to the sender include instructions 
for transmitting a credit message including the credit list from the receiver to the sender. 

17. The credit list builder/communicator of claim 12 wherein the computer- 
executable instructions for communicating the credit list to the sender include instructions 

1 5 for writing the credit list to a memory buffer shared by the sender and the receiver. 

1 8. The credit list builder/communicafor of claim 12 wherein the sender 
executes on a first computer and the receiver executes on a second computer and the 
computer-executable instructions for communicating the credit list to the sender include 

2 0 instructions for performing a remote direct memory access from the second computer to 
memory of the first computer to write the credit list to the memory of the first computer. 
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19 The «^ W of claim 12 ^hereinthe co,npu*r- 

for u*erting the eredH list in an options field in a TCP peek*. 

2Q ^ data structure for controuing d*a flow between a sender and a receiver 

from a sender. 

10 , a. «i«ralitv of credits are arranged 

2 x The data structure of claim 20 wherein the plurality 

^^^^^^^^^ 
receiver. 

•in the credit list is included in a credit 
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22 The data structure of claim 20 wherein 1 

23. ^^^V^^™^***"" 
buffer shared between the sender and the receiver. 

t ,u\ m 20 wherein the credit list is included in a 
24 The data structure of claim 20 wnerem u* 

. write racket transmitted from the receiver to the sender 
remote direct memory access write packet transit 
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through a network. 

25. The data structure of claim 20 wherein the credit list is included in an 
options field of a TCP packet transmitted from the receiver to the sender. 

5 

26. A credit list reader/processor comprising computer-executable instructions 
embodied in a computer-readable medium for performing steps comprising: 

posting a first buffer accessible by a sender for receiving credits from a 

receiver; 

1 0 determining whether credits have been received in the first buffer; 

in response to receiving credits in the first buffer, posting a second buffer 
accessible by the sender for receiving additional credits from the receiver; and 

after posting the second buffer, storing credits from the first buffer in a credit 

list 



15 



20 



27. The credit list reader/processor of claim 26 wherein the credits received in 
the first buffer are arranged in a first order and the computer-executable instructions for 
storing the credits in the credit list comprise instructions for storing the credits in the first 
order. 

28. The credit list reader/processor of claim 26 comprising computer- 
executable instructions for , after storing the credits in the credit list, requesting 
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u . to <h e receiver the data packets having sizes controlled by 
transmission of data packets to the receiver, tne oa P 

the credits in the credit list 

29 The credit list reader/processor of claim 28 comprising computer- 

transmission of each data packet to the receiver. 

3 o The credit list reader/processor of claim 29 comprising computer- 

from the receiver. 

31 Acr editlistbuude^^^ 
^ons embodied in the computer-readable medium for performing steps for 
15 aeterminmgwhentocommumcatenewcrem^ 

communicating afirst credit list to a sender, 

> ^ received in a first buffer corresponding to a 

determining if data has been received mam 

credit in the first credit list; and, 

■ a „ ,o de—g fta< da* ha, bee- recced in the « taf* 

20 communicatmga^condc.edhlis.tothesender. 

32 . TOem d i «Us,b U ild«r/con lmU nica ttI orcU in .31 «h««n ft. U buffer 
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corresponds to a first credit in the first credit list 

33- The credit list builder/communicator of claim 31 wherein the first buffer 
corresponds to a final credit in the first credit list 

5 

34. The credit list builder/communicator of claim 3 1 wherein the first buffer 
corresponds to a credit between a first credit and a final credit in the first credit list 

35. A credit list builder/communicator comprising computer-executable 
1 0 instructions embodied in a computer-readable medium for performing steps for 

determining when to communicate new credits to a sender comprising: 
communicating a first credit list to a sender; 

monitoring a frequency at which the sender consumes credits in the first credit 
list; and 

1 5 detennining when to communicate a second credit list to the sender based on the 

frequency. 

36. The credit list builder/communicator of claim 35 wherein the computer- 
executable instructions for determining when to communicate the second credit list to the 

2 0 sender include instructions for computing a time in time units for communicating the 
second credit list to the sender. 
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37. The credit Ust builder/communicator of claim 35 wherein the computer- 

• t- jptpmininB when to communicate the second credit list to the 
executable instructions for determining wtien xo coium 

_ j . . „ „ t^oopdnp buffer in the first credit list for 
sender include instructions for determining a triggering butter in 

*iggering communication of the second credit list to the to sender. 

38 A credit list builder/communicator comprising computer-executable 
^ons embodied in a computer-readahle medium for performing steps comprising: 
operating in a first mode for determining when to communicate new credits to 

a sender; 

receiving in-band information from the sender, 
analyzing the in-band information; and 

if the in-band information indicates that switching would increase 
input/output performance, switching to a second mode for determining when to 
communicate new credits to the sender. 

39. The credit list builder/communicator of claim 3 8 wherein the in-band 
irfonnation includes an amount of data re rnanun g to be sent from the sender to the 

receiver. 

40 The credit list builder/comtntmieator of claim 38 comprising computer- 
^.e inactions for refraining from switching from the firs, mode to the second 
mod e if a variance in the rate for receiving data pacK«s from the sender exceeds a tits, 
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value, based on the in-band information. 

41. An input/output device comprising: 
a processing circuit; 

a memory device coupled to the processing circuit, the memory device 
storing a credit list builder/communicator including computer-executable instructions for 
performing steps comprising: 

receiving requests for receiving data into receive buffers stored at virtual 
memory locations of a host computer connectable to the input/output device; 

building a credit list including a plurality of credits indicative of sizes of 
the receiver buffers; and 

communicating the credit list to the sender. 

42. An input/output device comprising: 
a processing circuit; 

a memory device coupled to the processing circuit, the memory device 
storing a credit list reader/processor including computer-executable instructions for 
performing steps comprising: 

posting a first buffer accessible by a sender for receiving credits from a 

receiver; 

determining whether credits have been received in the first buffer; 
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in response to receiving eredits in the first buffer, posting a second buffer 
accessible by the sender for receiving additional credits fiom fire receiver, and 

after posting the second buffer, storing credits from the first buffer in a 

credit list, 

43 lt einput/outpmdevi«ofclaim42vA=rctouiecreditllst 
^/processor comprises compmer-execufcble instructions for reading tit. credhs in the 
cedH list and revesting sending of data packets to .he receiver having sizes based on the 

credits. 

44. A network communications system comprising: 

a first local virtual interface for sending data to and receiving data from a 
first remote virtual interface over a first network connection; 

second local virtual interface for sending credit messages to and 

from a second remote virtual interface over a second network 



a 

receiving credit messages 



connection; and 

a credit list buUder/communicator for building credit messages for 
controlling dam flow over the firs, network connection and communicating the credit 
usages to the second remote virtual interface through the second iocai virtual interface 
, ^ the second network connection, the credit messages including credit iists inducing a 
polity of credits indicative of buffer sizes of receive buffers for receiving da. through 
(he first local virtual interface from the first remote virtual interface. 
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45. The network communications system of claim 44 comprising a credit 
message reader/processor for reading credit messages received from the second remote 
virtual interface through the second network connection and the second local virtual 

5 interface and requesting sending of data packets to the first remote virtual interface 
through the first local virtual interface, the data packets being having sizes based on 
credits in the credit messages received from the second remote virtual interface. 

46. The network communications system of claim 44 comprising a plurality of 
1 0 first local virtual interfaces for sending data to and receiving from a plurality of first 

remote virtual interfaces through a plurality of first network connections. 

47. The network communications system of claim 45 comprising a plurality of 
first local virtual interfaces for sending data to and receiving from a plurality of first 

1 5 remote virtual interfaces through a plurality of first network connections. 

48. The network communications system of claim 46 wherein the credit list 
builder/communicator builds credit messages for controlling data flow over the plurality 
of first network connections, the credit messages for controlling data flow over the 

2 0 plurality of first network connections including credits indicative of buffer sizes for 
receiving data through the plurality of first local virtual interfaces. 
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49 The network connnunications system of claim 4* wherein the credit list 

gda V 

which the credits in the credit message pertain. 

50 -me network commonications system of claim 47 wherein the credit 

■^^^^ -^*-^ fc " ,<,, ■ ,, "■ , ' 
^ aata packets ,0 the p.^ity of nrstremote virmal interfaces, the packets 

plurality of Brstnetwork connections. 

51 . The network contmunicanons sysfcm of claim 46 comprising a plural of 

^ ^ «f tfe e second virtual interfaces for receiving credit 
second virtual interfaces, each of the second virtual 

n ,^„ plurality of first network connections, 
messages for controlling data flow over one of the plurality 
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